The density and surface tension of melts of the systems CaO-FeO-Fe 2 O 3 -MgO at the temperature 1623 K, CaO-FeO-Fe 2 O 3 -ZnO at 1573 K, and CaO-Fe 2 O 3 -Cu 2 O at 1573 K were determined using the maximum bubble pressure method. The molar volume, the excess molar volume, and the excess surface tension were calculated on the basis of the obtained data. From these properties information on the interactions of components and possible chemical reactions between them was obtained. Due to the absence of silica and the low concentration of other network-forming oxides, only isolated FeO 5− 4 tetrahedra and the CaO·FeO ionic pairs are formed in these basic melts, the donor of the oxygen atoms being either CaO, FeO, or both CaO+FeO oxides. Even the observed ternary interactions may be attributed to the formation of the anions FeO 5− 4 only.
Introduction
The study of the density and surface tension of melts of the CaO-FeO-Fe 2 O 3 -MgO, CaO-FeO-Fe 2 O 3 -ZnO, and CaO-Fe 2 O 3 -Cu 2 O systems is a part of the investigation of the physico-chemical properties of calcium-ferritic slags used in the pyrometallurgical production of copper. From the theoretical point of view, such physico-chemical measurements may shed light on their structure, i.e. the ionic composition.
The present knowledge of the density and surface tension of the system CaO-FeO-Fe 2 O 3 -X is very limited. Most of the information may be obtained from papers dealing with steel slags; however, they concern mainly binary and a few ternary systems.
The density and surface tension in the systems Fe-O-CaO-MgO-SiO 2 and Fe-O-CaO-ZnO-SiO 2 at 1573 K was measured by Tomášek [1] . He found that magnesium oxide increases the surface tension a little more than Al 2 O 3 and decreases the density. Zinc oxide increases both the density and surface tension. In all cases the dependencies of the molar volume on composition show deviations from additivity, which indicates structural changes in the melt with changing composition.
Tchizhikov and Deineka [2] measured density and surface tension in the system CaO-FeO-ZnO-SiO 2 with relatively high content of CaO and SiO 2 . They found that on exchanging FeO for ZnO the molar volume of the melt increases and the dependence is not additive, while the surface tension is not substantially affected.
According to Vanjukov and Utkin [3] , magnesium oxide increases the surface tension of ferro-silicate melts. It is due to the pronounced ability of MgO to modify the silicate network, especially in the presence of strong acidic oxides like SiO 2 . In addition, Bakardzhiev [4] found that MgO increases the surface tension of melts of the system CaO-FeO-Al 2 O 3 -SiO 2 more than CaO and FeO and also ZnO has a positive effect on the surface tension increase.
The density and surface tension of the systems CaO-FeO-Fe 2 O 3 -SiO 2 and CaO-FeO-Fe 2 O 3 -Al 2 O 3 was determined using the maximum bubble pressure method by Wadász et al. [5] . These authors found out that due to the low concentration of network forming oxides, isolated SiO 4− 4 , AlO 5− 4 and FeO 5− 4 tetrahedrons are formed in these basic melts, the donor of the oxygen atoms being either CaO, FeO, or both CaO+FeO oxides. The observed ternary interactions may be most probably attributed to the formation of the anions SiFeO 7− 7 and FeAlO 8− 7 , in which one Si atom is substituted by Fe and/or Al, forming two tetrahedrons linked by corner.
In the present work the density and the surface tension of the melts of the quaternary systems CaO-FeO-Fe 2 O 3 -MgO, CaO-FeO-Fe 2 O 3 -ZnO, and the ternary CaO-Fe 2 O 3 -Cu 2 O one were determined using the maximum bubble pressure method. From these binary and ternary interactions, obtained from the dependence of the molar volume and the surface tension of the composition using multiple linear regression analysis, the information on the possible chemical reactions between the components and the probable structure, i.e. the ionic composition of the melts, was derived.
Experimental part
For the preparation of the synthetic slags, analytical grade chemicals were used. The mixtures with the required composition were melted in a PtRh10 crucible placed in an outer corundum crucible.
To measure density and surface tension, the maximum bubble pressure method was used. This method was selected because of the simultaneous measurements of both properties in one experiment and it's ability to give accurate results at high temperatures.
The measuring device consisted of a resistance furnace fitted with an adjustable lid for fixing the position of the capillary, a thermocouple and a platinum wire, which served as an electrical contact for adjusting the exact touch of the capillary with the liquid surface.
A ZEPARIS controller was used to adjust the temperature of the furnace with an accuracy of ±2.5 • C using an additional control thermocouple. The PtRh6-PtRh18 thermocouple was used for exact temperature measurement, the voltage of which was measured using a THERM 3256-2 voltmeter with an accuracy of ±0.5 • C.
A capillary made of PtRh10 alloy was used. To ensure accurate results, the capillary tip was carefully machined. The orifice had to be as circular as possible, with a sharp conical edge. A precise inner diameter of the capillary is very important if accurate measurements are to be performed. A high-temperature LEITZ microscope was used to measure the diameter of the orifice at 1573 K.
A micrometry screw, fixed on the upper furnace lid, determined the position of the exact touch of the capillary with the liquid surface and indicating the desired immersion depth.
For pressure measurement the UMK micro-manometer with a moving arm was used. Nitrogen was used to form the bubbles and to maintain an inert atmosphere over the sample. The gas was slowly fed through the capillary during the experiment to avoid condensation in the upper part of capillary. The nitrogen flow was adjusted using a fine needle valve. The rate of bubble formation was approx. 3-6 bubbles per minute.
The surface tension was calculated according to the equation
where r is the capillary radius, P max is the maximum bubble pressure when the bubble is a hemisphere with the radius equal to the radius of the capillary, g is the gravitational constant, h is the depth of immersion of the capillary, and d is the density of the melt. The density of the melt was calculated from the pressure difference at two depths of immersion according to the equation
where g is the gravitational constant. The measurement was performed after the melt reached chemical equilibrium, which required approx. 2-4 hours of isothermal heating at the desired temperature. The density and surface tension of each sample was measured at 3-5 different depths of immersion. The pressure in the capillary at one depth of immersion was measured more than 10 times and the average value was used for the calculation. After the measurement a sample of the melt was taken for chemical analysis using the platinum rod. Then the chemical composition of the melt was changed and the measurement was repeated again after 2 hours of heating.
Magnesium oxide even in small amounts increases substantially the fusibility of the system CaO-FeO-Fe 2 O 3 -MgO, which required that the measurement of the properties of these melts had to be performed at the higher temperature of 1623 K. The lower number of measured compositions is due to the narrow interval of the homogenous liquid phase at this temperature. The composition of the investigated samples of the system CaO−FeO- The total amount of Fe, Ca, Al, and Si in the samples was determined using atomic absorption spectroscopy. In order to distinguish Fe(II) and Fe(III), the samples were dissolved under an inert atmosphere and the content of Fe(II) was determined by titration with KMnO 4 according to Reinhard and Zimmerman.
In the density and surface tension measurements using the maximum bubble pressure method several sources of error may occur. As mentioned above, the exact machining of the capillary orifice is important. A deviation from a circular orifice caused an error of ±0.5 %. The determination of the immersion depth with an accuracy of ±0.01 mm introduced an error of ±0.3 %. The accuracy of ±3 Pa in the pressure measurement caused an additional error of ±1.2 %. Test measurements of the density and surface tension of distilled water, methanol and mercury were used to check the experimental set up. The relative error in the surface tension measurement was approx. ±3.7 %, while in the density measurement the error attained ±1.8 %.
The values of the density and surface tension, as well as of the molar volumes of the investigated samples for the investigated CaO-FeO-Fe 2 O 3 -MgO melts are given in Table 1 , those of the CaO-FeO-Fe 2 O 3 -ZnO melts in Table 2 , and those of the system CaO- Table 3 .
Results and discussion
According to earlier literature reports for the investigated slags the following species of the individual oxides may be present. Fe 2 O 3 may form the anions FeO + [6, 7] , FeO − 2 [8] , FeO 5− 4 [7, 9] , Fe 2 O 4− 5 [7, 9, 10] , Fe 2 O 6− 6 [9] , and Fe 2 O 8− 7 [9] . The coordination of Fe atoms may be either 4, and/or 6. Copper(I) oxide in slags is basic in character and acts as the modifier of the network structure. Together with Fe 2 O 3 it may form stable clusters of the compound delafosite, CuFeO 2 , which, depending on the oxygen partial pressure, can exist also in the melt up to 1456 K [11, 12] . Basic oxides CaO, MgO, FeO, and ZnO are donors of free oxygen anions, which may participate on the formation of complex anions.
To get some information on the structure of melts in the investigated systems the dependence of the given property on composition was described by the general Redlich-Kister function
In eqn (3) A i 's are the properties of pure components and x i 's are their mole fractions in the mixture. Coefficients e, f , g, h, are integers in the range 0-2. The first term represents the ideal behavior, the second term gives the interactions of the binary systems, the third one relates the interactions in ternary subsystems, and the fourth term represents the interaction of all four components.
With respect to the density, the dependence of the molar volume on the composition was followed. However, for the surface tension it is very important to define the course of surface tension in "ideal solutions". The general approach used for the variation of surface tension with composition was given by Guggenheim [13] , who stated, that the surface tension of ideal solutions should follow the simple additivity formula with a good approximation. The thermodynamic derivation of the additivity of surface tension for ideal solutions was given also by Daněk and Proks [14] . When the "ideal" behavior is given, the excess surface tension in the investigated ternary and quaternary systems can be described by the Redlich-Kister excess function.
However, because of the prevailing basic nature in the concentration range of this study, the melts are simple in structure and no higher than third order interactions could be found. Therefore eqn (3) has been reduced into the simpler form
The first term in eqn (4) represents the ideal behavior while the second and third terms represent the excess function, i.e. the deviation from ideal behavior, which is caused by chemical interaction of the components. The calculation of the coefficients A i , B ij, , and C ijk was performed using multiple linear regression analysis, omitting the statistically non-important terms on the 0.99 confidence level. It should be expected that the excess terms would become numerically smaller in order.
System CaO-FeO-Fe 2 O 3 -MgO
The dependence of the molar volume of the melt on the content of calcium and ferrous oxides is shown in Fig. 1 . The molar volume increases linearly with the content of both oxides. The dispersion of the experimental data is caused by the difference in the content of the other three oxides, since it was not possible to change the concentration of one component and keeping the concentrations of the other three at a constant value. The influence of MgO to the basic system CaO-FeO-Fe 2 O 3 can be explained in the following way. Magnesium oxide decreases the density of the system up to the concentration of 8 mole %. In this concentration range the molar volume increases, however the changes of the molar volume are minimal. As it can be seen from Fig. 2 , magnesium oxide increases the surface tension of the calcium-ferritic melts up to approximately 10 mole %. Higher concentrations MgO do not change the surface tension of the melt. MgO, like CaO, behaves in the calcium-ferritic melts as the strong donor of oxygen, which supports the formation of the simple ferritic anions. However, after surpassing a certain concentration, MgO becomes more and more network-forming in character and starts to participate in the formation of complex anions together with anions of Fe(III). On the basis of the obtained results of the density and surface tension measurements it may be supposed that besides the cations Ca 2+ , Mg 2+ and Fe 2+ only simple complex anions 
while for the surface tension of this system the final equation has the form
The values of the coefficients A i , B ij , C ijk , and the standard deviations of approximation in the system CaO(1)-FeO(2)-Fe 2 O 3 (3)-MgO(4) at the temperature of 1623 K are given in Table 4 .
The chemical interpretation of interactions represented by individual interaction coefficients in the system CaO-FeO-Fe 2 O 3 -MgO is in agreement with the general structure of these basic melts. Due to the low concentration of network-forming ferric oxide, it is most probably the FeO 5− 4 tetrahedrons that are formed. This corresponds to the binary interaction coefficient B 14 and also to the ternary coefficients C 124 and C 234 , when the donor of oxygen atoms is either CaO or both CaO+MgO, or MgO+FeO, respectively.
System CaO-FeO-Fe 2 O 3 -ZnO
The dependence of the molar volume of the melt on the content of FeO is shown in Fig.  3 for demonstration. The molar volume increases linearly with the increasing content of FeO. Again, the dispersion of experimental data is caused by the difference in the content of the other three oxides. In the system CaO-FeO-Fe 2 O 3 -ZnO, the increasing content of ZnO decreases the molar volume and increases the surface tension (see Fig. 4 ) of the melts. This influence is minimal when substituting CaO, but substantial when substituting Fe 2 O 3 . Thus it can be assumed that in the calcium-ferritic melt it behaves similarly as CaO and acts as the donor of oxygen atoms participating in the formation of complex ferritic anions. The substitution of CaO by ZnO is accompanied by an increase in the surface tension of the melt. In the substitution of Fe 2 O 3 , similar behavior can be observed by ZnO.
The zinc oxide in the melts of the system CaO-FeO-Fe 2 O 3 -ZnO acts as the modifier of the anionic structure, causing a decrease in the molar volume and an increase in the surface tension. The free oxygen anions donated by ZnO participate in the change in the coordination of the complex ferritic anions. On the basis of the obtained results, it may be assumed that besides Ca 2+ , Fe 2+ , and Zn 2+ only very simple ferritic anions like FeO 
while for the surface tension of this system, the final equation has the form
The values of the coefficients A i , B ij , C ijk , and the standard deviations of approximation in the system CaO(1)-FeO(2)-Fe 2 O 3 (3)-ZnO(4) at the temperature of 1573 K are given in Table 5 .
It was found that from the point of view of the volume properties the system CaO-FeO-Fe 2 O 3 -ZnO behaves ideally within the experimental error of measurement. From the surface tension measurements only two binary interaction coefficients were found. The binary interaction coefficient B 12 can be attributed to the formation of ionic pairs CaO·FeO and the coefficient B 24 Fig. 5 ). The substitution of Fe 2 O 3 by Cu 2 O causes a decrease in the molar volume of the melt. The addition of Cu 2 O to the system CaO-Fe 2 O 3 causes a decrease in surface tension of the melt (see Fig. 6 ). At an approximate ratio of n(CaO)/n(Cu 2 O) = 4 this dependence passes through a minimum. Further additions of Cu 2 O would lead to an increase in the surface tension. This behavior can be explained by the change in the anionic structure. Cu 2 O behaves in the ferritic melt in a similar fashion to CaO, i.e. as an oxygen donor, which participates in the change of structure of the present ferritic anions, e.g. according to the reaction scheme FeO − 2 + 2Cu 2 O = FeO 5− 4 + 4Cu + The oxidation-reduction process involving cuprous and ferric ions was not considered due to the lack of relevant analytical data.
It may be therefore supposed that besides the cations Ca 2+ and Cu + only simple ferrite complexes, most probably FeO 
and a similar equation was also obtained for the surface tension
The values of the coefficients A i , B ij , C ijk , and the standard deviations of approximation in the system CaO(1)-Fe 2 O 3 (2)-Cu 2 O(3) at the temperature of 1573 K are given in Table 6 .
In the system CaO-Fe 2 O 3 -Cu 2 O only two interaction coefficients were found from the density measurements as well as from the surface tension measurements. The binary and ternary interaction coefficients, B 23 and C 123 , represent the formation of the complex anion FeO 5− 4 . It may be therefore concluded that in this system besides the Ca 2+ and Cu + cations and O 2− anions only FeO 5− 4 complex anions are present. In Table 7 the values of the molar volumes of the essentially pure oxides CaO, FeO, and The calculated values of surface tension of pure oxides are given in Table 8 . Again, surprisingly excellent agreement can be observed. For the surface tension of pure oxides the following values could be found in the literature for comparison: Daněk and Ličko [17] , based on the measurement 
Conclusions
The coincidence of the interaction coefficients with the appearance of the complex species, indicates that the application of the Redlich-Kister formalism is suitable for multi-component oxide systems. The obtained density and surface tension data, as well as the interpretation of the interactions found in the individual systems, leads to the suggestion that the cations Ca 2+ , Fe 3+ , Zn 2+ , Cu + , and the complex anions The results obtained in the present paper can be used in choosing the optimum composition for slags used in the technology of continuous copper production. From a metallurgical point of view it is important to know how the individual oxides influence the basic calcium-ferritic slag. The surface tension of these slags is apparently higher than that of the common silicate slags which also results in higher interfacial tension between individual phases in the melt. Higher values in surface tension and the chemistry of the calcium-ferritic slags may inhibit the chemical corrosion of the periclase grains in the basic refractory lining [20] [21] [22] [23] . The viscosity of the calcium-ferritic slags is more than one order lower than the viscosity of the silicate slags [24, 25] . A lower viscosity, higher interfacial tension, and as high as possible difference in the density of the calcium-ferritic slag enhance's the coalescence of metallic droplets. These may have a positive effect on the efficiency of the process by lowering the mechanical loss of metal in the slag.
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